Imaging protein assemblies at molecular resolution without affecting biological function is a long-standing goal. The diffractionlimited resolution of conventional light microscopy (∼200-300 nm) has been overcome by recent superresolution (SR) methods including techniques based on accurate localization of molecules exhibiting stochastic fluorescence; however, SR methods still suffer important restrictions inherent to the protein labeling strategies. Antibody labels are encumbered by variable specificity, limited commercial availability and affinity, and are mostly restricted to fixed cells. Fluorescent protein fusions, though compatible with live cell imaging, substantially increase protein size and can interfere with their biological activity. We demonstrate SR imaging of proteins tagged with small tetracysteine motifs and the fluorescein arsenical helix binder (FlAsH-PALM). We applied FlAsH-PALM to image the integrase enzyme (IN) of HIV in fixed and living cells under experimental conditions that fully preserved HIV infectivity. The obtained resolution (∼30 nm) allowed us to characterize the distribution of IN within virions and intracellular complexes and to distinguish different HIV structural populations based on their morphology. We could thus discriminate ∼100 nm long mature conical cores from immature Gag shells and observe that in infected cells cytoplasmic (but not nuclear) IN complexes display a morphology similar to the conical capsid. Together with the presence of capsid proteins, our data suggest that cytoplasmic IN is largely present in intact capsids and that these can be found deep within the cytoplasm. FlAsH-PALM opens the door to in vivo SR studies of microbial complexes within host cells and may help achieve truly molecular resolution.
Imaging protein assemblies at molecular resolution without affecting biological function is a long-standing goal. The diffractionlimited resolution of conventional light microscopy (∼200-300 nm) has been overcome by recent superresolution (SR) methods including techniques based on accurate localization of molecules exhibiting stochastic fluorescence; however, SR methods still suffer important restrictions inherent to the protein labeling strategies. Antibody labels are encumbered by variable specificity, limited commercial availability and affinity, and are mostly restricted to fixed cells. Fluorescent protein fusions, though compatible with live cell imaging, substantially increase protein size and can interfere with their biological activity. We demonstrate SR imaging of proteins tagged with small tetracysteine motifs and the fluorescein arsenical helix binder (FlAsH-PALM). We applied FlAsH-PALM to image the integrase enzyme (IN) of HIV in fixed and living cells under experimental conditions that fully preserved HIV infectivity. The obtained resolution (∼30 nm) allowed us to characterize the distribution of IN within virions and intracellular complexes and to distinguish different HIV structural populations based on their morphology. We could thus discriminate ∼100 nm long mature conical cores from immature Gag shells and observe that in infected cells cytoplasmic (but not nuclear) IN complexes display a morphology similar to the conical capsid. Together with the presence of capsid proteins, our data suggest that cytoplasmic IN is largely present in intact capsids and that these can be found deep within the cytoplasm. FlAsH-PALM opens the door to in vivo SR studies of microbial complexes within host cells and may help achieve truly molecular resolution.
T o better understand cellular processes and their interactions with pathogens, it is important to visualize specific proteins in their cellular context and, preferably, in living cells. Fluorescence microscopy is an invaluable tool for cell biology and has helped clarify key steps in pathogen infection; however, it remains challenging to image proteins at or near molecular resolution without interfering with their biological functions. Existing imaging methods face limitations preventing them from simultaneously satisfying these two demands. Conventional fluorescence light microscopy has a resolution limited by diffraction to ∼200-300 nm that is too large for small biological structures such as viruses with typical sizes from 25 to 300 nm (1) . Several SR microscopy techniques have been developed that overcome this limit (2) including photoactivated localization microscopy (PALM) (3) and stochastic reconstruction optical microscopy (STORM) (4) . In PALM, STORM, and related techniques (5-7), subdiffraction resolution images are assembled by computational localization in thousands of images of single molecules switching stochastically between dark and fluorescent states.
However, these methods rely on antibodies coupled to organic dyes (4, 8) or on fusions with fluorescent or fluorophore-binding proteins (3, 7, (9) (10) (11) and have restrictions inherent to these labeling strategies. Antibodies suffer from variable specificity depending on fixation conditions and from limited commercial availability. Although organic dyes have large photon outputs, theoretically enabling nanometer-scale localization accuracies (12) , the resolution remains restricted by antibody size, especially in secondary immunolabeling, and by limited binding affinity (9) . Finally, antibodies confine imaging to fixed and permeabilized cells or to extracellular proteins (4, 5, 8) . Protein fusions, in contrast, allow highly specific labeling and are compatible with live cell imaging (7, 9) . Unfortunately, these fusions substantially increase protein size (by ∼25 kDa for GFP) and can strongly interfere with their cellular localization and activity. This has proven problematic for a number of studies that imaged pathogen invasion of host cells. For example, GFP-labeling interferes with the delivery of bacterial effector proteins into host cells via type III secretion (13) , and fluorescent protein fusions of the HIV-1 gag or pol can impair the production of infectious virions unless the labeled protein or wild-type Gag-Pol are provided in trans (14) (15) (16) ).
An alternative labeling strategy uses tetracysteine motifs inserted in the protein of interest that are bound with high affinity and specificity by the fluorescein arsenical helix binder (FlAsH) (17) . These small motifs (six amino acids, 0.7 KDa) preserve the function of proteins that do not tolerate large protein fusions (13, 18) . Furthermore, because FlAsH remains nonfluorescent until binding to tetracysteines, robust and controlled labeling efficiency is ensured. Contrary to antibodies, FlAsH-labeling is not subject to variable antigenic affinity, does not require sample permeabilization, and allows live cell imaging. FlAsH labeling has been used to study the localization and trafficking of several HIV-1 proteins in infected cells (18) (19) (20) (21) (22) (23) . Although fluorescein can exhibit photoswitching (5) , to our knowledge the use of FlAsH has not been demonstrated for SR imaging. Here, we demonstrate FlAsH-based localization microscopy with a spatial resolution of ∼30 nm. We show the technique's merit for cell biology of microbial proteins by SR imaging of the integrase enzyme (IN) of HIV-1 in fixed and live infected cells, a feat that has not been possible with previous techniques.
Results

Stochastic Fluorescence of Single FlAsH-Labeled Tetracysteine
Peptides. We first asked whether single FlAsH-labeled tetracysteine-containing molecules could be stochastically activated and localized with subdiffraction accuracy. Although initial implementations of PALM and STORM used special photoswitchable proteins or dyes (3, 4) , ordinary fluorophores are now employed successfully (5, 6, 8) in the presence of a buffer containing oxygen scavengers, which reduces photobleaching and increases the lifetime of dark states thereby enabling localization of individual molecules. In addition, high-energy laser pulses, such as near-ultraviolet light, can accelerate return from dark states to the excitable ground state (5) . Therefore, we subjected a diluted solution of tetracysteine-tagged peptides in the presence of FlAsH to an oxygen scavenger buffer. We then continuously excited the sample with blue light (488 nm), which initially caused the emitted fluorescence intensity (green light, 532 nm) to rise sharply then decay. After fluorescence stabilized, we repeatedly pulsed violet laser light (405 nm; pulse duration: 10 ms; typical frequency: 2 Hz) and acquired 5,000 time-lapse images (100 ms exposure time). We observed the repeated transient appearance of a small number of isolated diffraction-limited spots (see Movie S1), which most likely originated from individual fluorophores, allowing us to localize them computationally. The detected positions fell into distinct spatial clusters, and the temporal clustering of detections within these confirmed that they originated mostly from single fluorophores (Fig. S1 B-D) . According to our estimates, almost all peptides were detected, the mean number of photons per detection event was ∼3;000 (SD ∼ 1;700), and the localization accuracy, as estimated by superposing position clusters, was characterized by a full width at half maximum (FWHM) ∼30 nm ( Fig. S1 E-H).
FlAsH-PALM Recovers Subdiffraction Virion Morphology. These properties immediately opened the perspective of FlAsH-based SR localization microscopy (FlAsH-PALM). To demonstrate FlAsH-PALM on a biological system, we chose to image HIV using the insertion of a tetracysteine tag into IN, the enzyme that mediates integration of viral DNA into the host genome (18) . Labeling IN allows fluorescence detection of HIVas an extracellular virion and intracellular complex during all early steps of HIV replication because this protein is present in virions until integration of the viral genome into host chromatin, the hallmark of a productive infection. In HIV particles, IN is enclosed in structural shells whose morphology, as determined by electron microscopy (EM), changes upon virus maturation. In immature virions, the viral genome and associated enzymes, such as IN, are enclosed in spherical shells formed by the Gag structural polyprotein with an inner diameter of ∼65-90 nm (24) , whereas capsids of mature virions have a conical shape with a length of ∼100-150 nm and a breadth of ∼40-60 nm (25) (26) (27) (28) (29) . These sizes fall below the resolution of diffractionlimited microscopy but are potentially within reach of FlAsH-PALM. Because each virus contains ∼125-250 copies of IN (30, 31) , we hypothesized that the spatial distribution of IN determined by FlAsH-PALM might reveal information about the capsid morphology if the protein explores a sufficient fraction of the capsid volume and sufficient numbers of complexes can be combined.
Determining viral morphology in this manner is potentially complicated by several factors: projection artifacts, whereby complexes at different depths can merge and elongated complexes tilted relative to the focal plane can appear round in 2D images; varying number and spatial distribution of IN molecules within each viral complex random localization errors and multiple detections of the same molecule. We first used Monte Carlo simulations accounting for these effects to verify theoretically if viral morphologies can be discriminated (Figs. S2 and S3). Briefly, we placed 1,000 simulated viral complexes of four different shapes (cylinders and cones of width 54 nm and length 120 nm, respectively, and spheres of diameter 54 nm and 120 nm) in 3D space with random positions and orientations, randomly distributed a variable number of molecules within the complex volume, added random localization errors with multiple detections of the same molecule, and projected the 3D data to create artificial 2D FlAsH-PALM images (Figs. S2 A-C).
We then analyzed the simulated images computationally. Briefly, our automated procedure (i) detected isolated clusters of points using the same algorithm as for the peptide data above, (ii) rotated individual clusters to align their principal axes, and then (iii) grouped clusters of similar morphology into families using hierarchical clustering (Figs. S2 D and E). Finally, we obtained an average probability density map of positions within each family by superposing all corresponding clusters (Figs. S2F). We applied this analysis to the artificial images generated for each of the four shapes ( Fig. S3 A-D) . Although a variable (3, 4) number of families was obtained, a single family always contained a large majority (79-98%) of all clusters. The shape and size of the probability density of this majority family was characteristic of each simulated shape, allowing, e.g., to distinguish conical from cylindrical or spherical structures (Fig. S3 A-D) . Moreover, when we simulated mixtures of shapes, e.g., cones mixed with cylinders or cones mixed with spheres, this analysis yielded two large families with probability densities matching these two shapes, and the shape of each cluster could be recovered with good to high statistical certainty ( Fig. S2 E and F) .
We proceeded to test the ability to discriminate viral morphologies experimentally using images of mature and immature virions. We performed FlAsH-PALM imaging of free HIV particles on coverslips in absence and in presence of ritonavir, which prevents virus maturation by inhibiting the HIV protease that cleaves the Gag-Pol polyprotein. We administered FlAsH in vitro followed by ultracentrifugation of labeled virions to remove unbound fluorophores ( Fig. S4A ) thus leading to specific labeling of tetracysteine-tagged virions (Fig. S4B ). Virion maturation was assessed by the detection of Gag processing using Western blotting (Fig. S4C ). We acquired ∼30;000 raw images of IN-FlAsH-labeled virions. As for the peptides, we observed stochastic fluorescence events (see Movie S2) enabling localization microscopy. Reconstructed images had higher resolution than widefield images and displayed hundreds of clusters of FlAsH-IN (Fig. 1 A and B) .
Next, we analyzed these clusters using the same procedure as for the simulated images. To estimate the resolution, we superposed position clusters containing 10 or fewer localization events, which likely corresponded to individual IN molecules or small aggregates. The superposed clusters had a size (FWHM) of 35-37 nm indicating a resolution roughly similar to that estimated from peptides above ( Fig. 1 C and D) . We then aligned and grouped clusters in families as demonstrated on the simulated data. This analysis yielded three families for the immature virions and two families for the mature virions (data pooled from two independent experiments in each condition) ( Fig. 1 E and F) . In both cases, one family contained a large majority of clusters (76-80%), as in the simulations (red in Fig. 1 E and F) . The probability densities of these two majority families displayed markedly distinct subdiffraction sizes and shapes. While immature virions displayed a roughly circular pattern with a size of ≈40 × 53 nm (width × length, as measured by FWHM perpendicular and parallel to the axis of alignment) (Fig. 1E) , mature virions yielded an approximately conical shape of 62 × 106 nm (Fig. 1F) . Although the spatial distribution of IN inside virions is not known, these data are consistent with the distinct morphologies of mature capsid cores and immature Gag shells as previously determined by EM (25) (26) (27) (28) (29) . The measured diameter for immature virions is somewhat smaller than the previously estimated diameter of the inner Gag shell (∼60-95 nm) (24) . This may be explained by the fact that in the presence of protease inhibitor, IN is located at the C-terminus of the unprocessed Gag-Pol polyprotein, which, like Gag, is radially oriented with the C-terminus facing the interior of the particle. Models suggest that the Pol domains may be located together with the RNA in the central portion of the virion and occupy a volume three-eighths the diameter of the whole virion (i.e., ∼40-50 nm) in good agreement with our measurements (32) . The position patterns in the minority families were close to the estimated resolution limit, and likely caused by single IN molecules or fluorescent impurities (15-20%); or, in the case of immature virions, displayed an ill-defined elongated shape (9%) likely caused by fluorescent debris or the close proximity of distinct virions ( Fig. 1 E and F) .
Finally, we artificially mixed mature and immature virions by stitching the images from both datasets (Fig. 1G) . Analysis of this mixed image identified two families: one characterized by a nearly spherical pattern of size ≈40 × 50 nm, very similar to the majority family of immature virions and another one by a conical pattern of width ≈67 nm and length ≈112 nm, very similar to the majority pattern of the mature virion (Fig. 1H) . We therefore tested if mature virions could be discriminated from immature virions in the mixed population based on their morphology alone. We found that 82% of the clusters from the "conical" family originated from the mature virion image, whereas 61% of the "spherical" family clusters originated from the immature virion image (Fig. 1I) . This shows that, much as in simulations, viral complexes of different morphologies can indeed be distinguished with good statistical confidence in a mixed population.
Thus, FlAsH-PALM can discriminate among morphologies of virions below the resolution of conventional microscopes.
SR Imaging of HIV in Infected Cells. We next demonstrate SR FlAsH-PALM imaging of IN inside infected cells. Infection experiments were performed using HIV-1 pseudotyped with the Vesicular Stomatitis Virus glycoprotein (VSV-G), which is more stable than wild-type HIV envelope and enables a full recovery of viral infectivity after the ultracentrifugation step required to remove unbound FlAsH after labeling (18) . The extracellular labelling strategy minimized background signal allowing specific visualization of IN by widefield fluorescence microscopy ( Fig. S5A) (18) .
We acquired 15,000-30,000 widefield images of FlAsHlabeled IN in target cells fixed 2 h postinfection. Again, we observed stochastic appearance of isolated fluorescent spots compatible with FlAsH-PALM (see Movie S3 and Fig. S5 B and C) . The density of detected positions outside cells was negligible (<5%) compared to that inside cells, indicating high specificity (Fig. S6) . Reconstructed FlAsH-PALM images clearly had higher resolution than the corresponding widefield image (Fig. 2 A  and B) . IN signal was visible as discrete clusters appearing throughout the cell and as a partly punctate accumulation at the nuclear envelope (NE) (Fig. 2 A, B, and D) . This accumulation reflects the docking of viral complexes to nuclear pore complexes that act as bottlenecks in the early steps of HIV replication (33) . Intensity profiles across the NE confirmed subdiffraction (< ∼ 70-100 nm) resolution (Fig. 2C) . Superposing position clusters containing 10 or fewer localization events yielded tighter resolution estimates with a FWHM of 29-33 nm in the nucleus and the cytoplasm similar to the resolution estimated from peptides and free virions above (Fig. 2 E and F) (data pooled from n ¼ 12 cells in three independent experiments).
Thus, FlAsH-PALM enables ∼30 nm resolution imaging of intracellular structures that do not tolerate labeling by fluorescent proteins without compromising their function. ing does not occur randomly in the cytoplasm and is critical for infection; but, the exact timing and location of uncoating has been debated (35) (36) (37) (38) . Although biochemical analyses of intracellular HIV initially concluded that capsids were lost immediately postfusion (39, 40) , EM data revealed intact HIV capsids at or near nuclear pores (33) indicating that capsid uncoating does not necessarily precede viral trafficking to the NE. This is further supported by studies showing that premature uncoating upon retroviral restriction leads to abortive infection (41) (42) (43) , and mutations in capsid proteins influence the requirement for nuclear pore components (35, (44) (45) (46) . Recent work suggests that the trigger for uncoating is linked to the reverse transcription process (33, 36) . Whether large or small proportions of capsids remain intact during cytoplasmic transport has yet to be determined.
We analyzed the morphology and subcellular location of all detected IN-FlAsH position clusters (irrespective of position counts) in the HIV-1 infected cells. The size and density of these clusters were not homogeneous but displayed a marked difference between the cytoplasmic and nuclear compartments. The FWHM of superposed clusters was 98 nm in the cytoplasm, compared to ≈41 nm in the nucleus (Fig. 2 G and H) . This difference stands in contrast to the ∼30 nm resolution estimated above both in the nucleus and cytoplasm. Nuclear clusters are only ∼25% larger than this estimated resolution and could, thus, correspond to single IN molecules, tetramers, or other small molecular aggregates associated with the ends of viral DNA. In contrast, aggregated cytoplasmic clusters have a size comparable with the HIV capsid suggesting that a large portion of all cytoplasmic viral complexes may contain intact capsids.
Morphology of IN clusters and Dual-Color Imaging Confirm Capsid Presence in Cytoplasm. To further characterize the spatial distribution of IN in nuclear vs. cytoplasmic clusters, we analyzed cluster families as for the free virions above. This analysis resulted in two morphological families for nuclear and cytoplasmic clusters. Despite significant variability among individual clusters, the probability density of the majority family (53% of clusters and 97% of positions) displayed an approximately conical shape of ∼108 nm in length and ∼75 nm in width, approximately similar to the shape determined above in capsids of mature virions (Fig. 1F ) and in agreement with the EM data (25) (26) (27) (28) (29) (Fig. 3A) . This stood in contrast to the much smaller pattern (43 × 74 nm) of the majority family in the nucleus (71%). Although we cannot rule out that more complex mixtures of nonconical complexes may also be consistent with the data, our observations suggests that the bulk of cytoplasmic IN, 2 h postinfection, resides in intact capsids.
To confirm the presence of capsid around IN clusters, we performed dual-color FlAsH-PALM/STORM imaging of FlAsH-tagged IN and of the capsid shell protein p24, which was labeled with antibodies coupled to the organic dye Cy5. In the dual-color images, signal from FlAsH-IN and Cy5-p24 was visible as clusters of different sizes and displayed partial colocalization (Fig. 3 C-E) . In 500 nm diameter circles enclosing automatically defined FlAsH-IN clusters, the number of p24-Cy5 localizations correlated positively with the number of FlAsH-IN localizations (Fig. 3F) indicating that p24 is significantly associated with IN (Pearson's r ¼ 0.73, P < 10 −100 ). We also analyzed the number of p24-Cy5 positions in these circles as a function of the size (FWHM) of the FlAsH-IN cluster. This number was roughly constant for sizes either smaller or larger than 75-100 nm (Fig. 3G ) but was significantly larger above 100 nm than below (Wilcoxon P < 10 −6 ) (n ¼ 1;012 clusters in n ¼ 22 cells in three independent experiments) (Fig. 3H) . Thus, capsid proteins accumulate at IN clusters larger than ∼100 nm.
These data strengthen the case that the bulk of cytoplasmic IN proteins are not diluted in the cytoplasm upon viral entry but are maintained in the volume of intact capsids. In addition, our data indicate that these complexes can be found at any distance between the nuclear and cellular membranes (Fig. S7) . Thus, FlAsH-PALM can reveal previously inaccessible subdiffraction information on the size and shape of intracellular HIV complexes and the subcellular location of uncoating throughout infected cells.
Live Cell FlAsH-PALM Imaging. An appealing advantage of FlAsHlabeling is its applicability to in vivo imaging (13, 18) . Live cell localization microscopy has previously been achieved with photoswitchable fluorescent proteins (9) or with proteins bound to small organic dyes (7, 11 ). An important issue in live experiments is cellular damage caused by intense laser illumination (9) . In FlAsH-PALM, this is potentially compounded by toxicity of the photoswitching buffer. We analyzed buffer-and laser-induced toxicity in HIV infected and noninfected HeLa and 3T3 cells using brightfield imaging, which can detect alterations in cellular morphology. 3T3 cells are more photoresistant than HeLa cells and were previously used to demonstrate live PALM (9) . We observed significant buffer-induced toxicity in HeLa cells. In contrast, 3T3 cells exposed to the buffer and 488 nm laser excitation levels used in FlAsH-PALM revealed no signs of toxicity even after 90 min (Fig. 4A) . We, therefore, tested FlAsH-PALM on living HIV-infected 3T3 cells during acquisition times of 30-50 min with temperature kept constant at 37°C. HIV was pseudotyped with a VSV-G envelope thus permitting viral entry of mouse cells. Brightfield images obtained before and after FlAsH-PALM imaging revealed no noticeable change of cell morphology (Fig. 4 B and C) . FlAsH-PALM images generated from 25,000 consecutive frames showed a discrete accumulation of IN at the NE of live 3T3 cells much as observed on fixed HeLa cells, which was not readily apparent in the summed widefield image (Fig. 4 D and E) . Resolution, as estimated by a line profile through the NE was ∼60 nm or better (Fig. 4F) .
To test dynamic live cell imaging, we generated time series of FlAsH-PALM images by aggregating positions from bins of 5,000 consecutive raw image frames (Fig. S8) . Although limiting the temporal resolution to 500 s, this binning achieved the best possible spatial resolution according to the density-based Nyquist criterion (9) . The improved spatial resolution of individual live FlAsH-PALM images compared to widefield was clearly apparent (Fig. S8 A, B, D-H) and allowed, for example, to observe a ∼200 nm structure moving towards the NE (Fig. S8 B-D) and to discern subdiffraction features including a structure resembling a viral capsid (Fig. S8H) . Although the dynamics of this structure appear much slower than previously observed for individual viral complexes (18) , these data illustrate that FlAsH-PALM allows dynamic SR imaging in live cells without apparent alteration of cellular physiology.
Discussion
We demonstrated FlAsH-based localization microscopy and applied it to SR imaging of HIV-1 as free virions and as intracellular complexes in fixed and living cells.
The fragility of the HIV capsid has, thus far, precluded the isolation and study of the composition of native viral replication complexes in the infected cell (43) . In situ imaging is the only noninvasive alternative but has traditionally been limited by the diffraction barrier. In contrast, FlAsH-PALM allowed us to resolve IN localization and virion morphology at ∼30 nm resolution and to detect a substantial change in virus size between cytoplasmic and nuclear complexes. Although EM had previously shown the presence of intact capsids at nuclear pores (33), our results suggest that an important fraction of the cytoplasmic viral material remains encapsidated and that these capsids can be found throughout the cytoplasm in agreement with a recent report (36) . Of note, all infection experiments were performed with VSV-G pseudotyped HIV-1 whose entry pathway involves endosomal fusion (47) ; however, there is no evidence that the kinetics of uncoating differ whether viral entry is mediated by VSV-G or wild-type HIV-1 envelope (33, 36) . Furthermore, our data indicate that IN can occupy most of the capsid volume at 2 h postinfection, a time point when most intracellular HIV complexes still contain RNA rather than DNA (48) suggesting that, at this stage, IN molecules are randomly distributed inside the capsid volume. The ability of FlAsH-PALM to measure viral morphologies, in combination with its possible use in vivo, pave the way for resolving many unexplored steps in the replication cycles of intracellular microbes. Crucially, our data highlight that FlAsH-PALM preserves the biological function of a protein that would have been disrupted by fusion with fluorescent proteins or distorted by antibody binding. As such, our method should be of wide interest especially for the study of pathogen proteins whose functions are often compromised by conventional labels. Several improvements of FlAsH-PALM can be envisaged. First, whereas the 2D data obtained here was sufficient to reveal statistical information on viral morphology, more detailed analyses will require extensions of FlAsH-PALM to 3D imaging (11) . Another interesting perspective is to use ReAsH, the red counterpart of FlAsH, that allows light and EM visualization of the same specimen and proteins (49) . We have shown how FlAsH-PALM can provide SR visualizations of slow dynamics in live cells. Although the much faster viral motions observed previously (18) may pose a challenge for localization microscopy, the raw images obtained with FlAsH-PALM could still be used for high-density tracking of individual molecules for extensive analyses of viral dynamics (50) . Further optimizations in speed will be needed to achieve the full potential of live FlAsH-PALM.
Finally, the much smaller size of FlAsH labels compared to protein fusions or antibodies combined with the larger photon output of fluorescein relative to proteins may open the door to resolutions of ∼1 nm or less (12) . We expect that our results will expand the applicative scope of FlAsH and facilitate subdiffraction imaging of delicate protein assemblies in fixed and living cells without perturbing their native function.
Materials and Methods
For a detailed description, please refer to SI Materials and Methods. Briefly, production of viruses and FlAsH labeling was performed as in (18) . Localization microscopy setup, protocol, and computational image reconstruction were similar to those previously used (3, 4) (Figs. S9 and S10 ). To enable FlAsH photoswitching, we used the previously described buffer (8) . Live cell microscopy was done at a constant temperature of 37°C. In-house algorithms were used to create artificial FlAsH-PALM images and to automatically detect, align, and group experimental and simulated position clusters.
